Standard inflationary hot big bang cosmology predicts small fluctuations in the Cosmic Microwave Background (CMB) with isotropic Gaussian statistics. All measurements support the standard theory, except for a few anomalies discovered in the Wilkinson Microwave Anisotropy Probe maps and confirmed recently by the Planck satellite. The Cold Spot is one of the most significant of such anomalies, and the leading explanation of it posits a large void that imprints this extremely cold area via the linear Integrated Sachs-Wolfe (ISW) effect due to the decay of gravitational potentials over cosmic time, or via the Rees-Sciama (RS) effect due to late-time non-linear evolution. Despite several observational campaigns targeting the Cold Spot region, to date no suitably large void was found at higher redshifts z > 0.3. Here we report the detection of an R = (192 ± 15)h −1 Mpc size supervoid of depth δ = −0.13 ± 0.03, and centred at redshift z = 0.22. This supervoid, possibly the largest ever found, is large enough to significantly affect the CMB via the non-linear RS effect, as shown in our LemaitreTolman-Bondi framework. This discovery presents the first plausible explanation for any of the physical CMB anomalies, and raises the possibility that local large-scale structure could be responsible for other anomalies as well.
Introduction
The Cosmic Microwave Background (CMB) Cold Spot (CS) is an exceptionally cold area centered on on (l, b) ≃ (209 • , −57 • ) and was first detected in the Wilkinson Anisotropy Probe [1] at ≃ 3σ significance using wavelet filtering [2, 3] . The CS is perhaps the most significant among the anomalies recently confirmed by Planck [4] . Given that these potential departures from Gaussianity and/or isotropy have relatively low significance, any of them could represent somewhat rare statistical fluctuations. Nevertheless, they are significant enough to warrant further studies, and indeed they have already spawned a score of interesting ideas. Some of these appeal to hitherto undiscovered physics, e.g., textures [5, 6] , while others [7, 8, 9, 10] posit that the CS, and possibly other anomalies, are caused by the Integrated Sachs-Wolfe effect (ISW) [11, 12] of the decaying gravitational potentials, which in turn is caused by Dark Energy. The latter explanation would require of a large, ∼ > 200h −1 Mpc supervoid centered on the CS [7, 8] , readily detectable in large scale structure surveys.
In the past, there have been several attempts to search for voids in large scale structure data in the direction of the CS. Rudnick et al. [13] detected a low density region approximately aligned with the CS, although the detection significance has been disputed [14] . Bremer et al. [15] conducted a redshift survey in the area, and found no evidence for a void in the redshift range of 0.35 < z < 1, while Granett et al. [16] conducted an imaging survey with photometric redshifts, and excluded the presence of a large underdensity of δ ≃ −0.3 between redshifts of 0.5 < z < 0.9. Both of these surveys ran out of volume at low redshifts due to their small area, although the data [16] are consistent with the presence of a void at z < 0.3 with low significance and no void was found at 0.3 < z < 0.5, even if the existence of one could not be excluded at high significance.
The contribution to the ISW effect due to structures at low redshift was investigated as well [18] . Using a photometric redshift catalogue constructed from 2MASS [21] and SuperCOSMOS [22] surveys with a median redshift of z = 0.08, an under-density in the galaxy distribution was found in the CS direction. This under density can account for a CMB decrement of ∆T ≃ −7µK in the Λ-Cold Dark Matter (ΛCDM) model, i.e. falling short of fully explaining the CS anomaly. Note that although no void has been found that could fully explain the CS anomaly, there is strong, ∼ > 4.4σ, statistical evidence that superstructures imprint on the CMB as cold and hot spots [23, 4, 24] .
The principal scientific question, whether a void causes the CS, can be approached on three levels: i) is there a low density region (supervoid) in the CS region ii) if there is, how rare is that superstructure iii) is that structure large and deep enough to significantly contribute to the CS in the framework of the (linear) ISW effect in ΛCDM (or alternative) theories? In particular, if the first question is answered affirmatively, and the resulting void is rare enough that chance alignment with the CS is unlikely, the connection can be established regardless the answer of the third question. Present work is focused on the observational question i) as it can be answered with our data set at high significance. As we show later, we detect a low density region centered on the CS. We also engage question iii) with simultaneous modeling of the underdensity in the galaxy field and the CS pattern observed in CMB maps. On the other hand, we will address ii) at an approximate fashion.
Methods
Next we describe some of our methods and procedures, while Szapudi etal. [19] and Finelli etal. [20] can be consulted for further details.
To probe the low redshift region unconstrained by previous studies, a large area survey is needed reaching up to z ≃ 0.3. The redshift distribution of the recently produced WISE-2MASS catalog [25] has a median redshift of z ≃ 0.14, and covers 21,200 square degrees after masking dusty regions. The catalog contains sources to flux limits of W 1 W ISE ≤ 15.2 mag and J 2M ASS ≤ 16.5 mag. These conservative limits result in a dataset deeper than 2MASS and more uniform than WISE [26] .
Galaxies are biased tracers of the underlying dark matter distribution, we thus measured and modeled the angular power spectrum of WISE-2MASS galaxies, and found a bias b g = 1.41±0.07. We look for underdensity at the CS in this projected density field, and scan the full observable sky in order to identify the largest underdensities at z < 0.3.
We then set out to create a detailed map of the CS region in three dimensions. Therefore, WISE-2MASS galaxies have been matched with Pan-STARRS1 [27] (PS1) objects within a 50 • × 50 • area centred on the CS, except for a Dec ≥ −28.0 cut to conform to the PS1 boundary. We used PV1.2 reprocessing of PS1 in an area of 1,300 square degrees. For PS1, we required a proper measurement of Kron and PSF magnitudes in g P1 , r P1 and i P1 bands that were used to construct photometric redshifts (photo-z's) with a Support Vector Machine algorithm. The training and control sets were created matching WISE-2MASS, PS1, and the Galaxy and Mass Assembly [28] (GAMA) redshift survey. Our three dimensional catalog of WISE-2MASS-PS1 galaxies contains photo-z's with an estimated error of σ z ≈ 0.034. Redshift distribution of our data set is shown in the upper left panel of Fig. 3 .
For our measurements, we take the centre and the size of the CS from the literature as measured in the CMB temperature maps. In particular we use the latest Planck results [4] for the centre (l, b) ≃ (209 • , −57 • ) in Galactic coordinates, and R = 5 • [2, 3] and R = 15 • [9,14] radii for the size. The R ≤ 5 • region is the most anomalous part of the CS region, while an outer hot ring at R ≈ 15 • makes the whole structure more significant [14] . 
Measurements with WISE-2MASS
The projected radial profile centred on the CS is shown in the left panel of Fig. 1 . Measurement errors are due to Poisson fluctuations calculated from the expected number of galaxies in a ring or a disk. We detect a low density region with overwhelming significance. In particular, at our pre-determined radii, 5 • and 15 • , we find signal-to-noise ratios S/N ∼ 12 for rings. The size of the underdense region is surprisingly large: it is detected to ∼ 20 • with high ( ∼ > 5σ) significance. At larger radii, the radial profile is consistent with a supervoid surrounded by a gentle compensation (overdensity) that converges to the average galaxy density at ∼ 50 • [17] . The supervoid might also contain a deeper inner void, with its own compensation at around
The underdensity in WISE-2MASS is modeled within a ΛLTB framework [29] , assuming a spatial curvature profile k(r) = k 0 r 2 exp(−r 2 /r 2 0 ). A linear metric perturbation in ΛCDM is defined as
with an LTB radius r defined asr = 3/4π H 0 r using the co-moving FRW radius and τ conformal time. A 3D density profile for the void corresponds to this scalar potential, given as
and characterized by two parameters, co-moving widthr 0 and depth δ 0 . Then the 3D density profile (2) is projected onto the transverse plane using the WISE-2MASS window function φ(y), with the center of the supervoid at co-moving distance y 0 , andr 2 (y, θ) = y 2 + y 2 0 − 2yy 0 cos θ,
The linear ISW and the non-linear RS effects are derived from the metric perturbation (1) . Note that effect on the CMB is dominated by the non-linear Rees-Sciama effect for a large compensated void with a profile of Eq. 2, as given by
whereθ 0 = 3/4π θ 0 , assuming small angle approximation, tan θ ≃ θ. The ISW effect is proportional to the time derivative of the potential, thus usually smoother then the density field. The RS effect, however, depends on higher derivatives, thus the size of the CMB pattern is more compact then the size of the void. The actual coupling is described by a 3/4π ≃ 0.48 scaling factor between the scales of the underdensity and the corresponding pattern on the CMB. The magnitude of the CMB temperature depression depends on the parameters of the void, A large LTB void can explain a CMB cold spot of about half the size, or the same decrement can be explained by a shallower void than is allowed by ΛCDM cosmology. Note that the LTB model is only used as a general relativistic model for the void dynamics and its effect on the CMB, while the background cosmology is assumed to be standard ΛCDM.
For detailed measurements, a χ 2 statistic is constructed. We perform a simultaneous fit for the projected LTB void in the WISE-2MASS map, and the corresponding temperature depression effect in the CMB data. We carry out a 3-parameter fit δ 0 , r 0 , and z 0 , which are fitted by the following statistic:
The first term corresponds to the χ 2 of the projected LTB void profile (3) in the WISE-2MASS density field, using uncorrelated Poisson errors, σ i . The second term is the χ 2 of the CMB profile compared with the LTB prediction (4) of the void observed in WISE-2MASS. Note that Poisson fluctuations are uncorrelated, while the covariance matrix of rings in the CMB indicates correlations, and it was determined from 10,000 Gaussian CMB realizations. The best fit LTB void parameters we have found are δ 0 = 0.25 ± 0.10 (1σ), r 0 = (195 ± 35)h −1 Mpc (1σ), and z 0 = 0.16 ± 0.04 (1σ).
The LTB model parameter δ 0 is the 3D dark matter density, giving a 12% projected underdensity at the center of the void, i.e. δ 2D (θ = 0) = −0.12. The angular sizes θ 0 = 28.8 • ±5.2 • , and θ 0 = 14.1 • ± 2.5 • are derived parameters, which correspond to angular scales of the profile on the galaxy map and the CMB, respectively. Note that the radius of the LTB profileθ 0 = 14.1 • ±2.5 • on the CMB matches the outer hot ring around the cold spot discussed in [30] . For later comparison, we calculate the averaged underdensity within the best fit radius r 0 = 195 h −1 Mpc. The 3D top-hat-averaged density from the LTB profile, see Eq. (2), isδ = 3/r 3 0 r 0 0 r 2 drδ(r) = −δ 0 /e. This finally gives the average void depthδ = −0.10 ± 0.03.
Measurements with WISE-2MASS-Pan-STARRS1
Photometric redshifts in the WISE-2MASS-PS1 galaxy catalog provide a three-dimensional view of the superstructure. We count galaxies as a function of redshift in disks centred on the CS using the two pre-determined angular radii, R = 5 • , and 15 • . The galaxy density calculated from the average redshift distribution is shown in the upper panel of Fig. 3 . Note that the larger Figure 4 -Tomographic view of the CS region. Below z < 0.09 appears to show the front compensation (higher density area) of the large void, although there is an under dense structure to the right. The slice at 0.11 < z < 0.14 cuts into front of the supervoid, and the ring round represents a slice of the compensation. Finally the slice 0.17 < z < 0.22 cuts into the front half of the supervoid with compensation around it. The structure on the upper right reaching into the supervoid might be real, or a shadow of the same structure in the middle figure due to the photometric redshift errors. Note that the left side of the images reflects the mask of the PS1 data set.
disk is not fully contained in our photo-z catalog due to the limited PS1 footprint. In photo-z bins of width of ∆z = 0.035, we found S/N ∼ 5 and S/N ∼ 6 for the deepest under-density bins, respectively. The measurement errors are still due to Poisson fluctuations in the redshift bins. To extend our analysis to higher redshifts, we add a previous measurement [16] in a photo-z bin centred at z = 0.4.
For a rudimentary understanding of our counts, we build toy models from top-hat voids in the z direction convolved with the photo-z errors. This model has three parameters, redshift (z void ), radius (R void ), and depth (δ g ). We carry out the χ 2 -based maximum likelihood parameter estimation for R = 15 • , using our first 10 bins combined with the extra bin measured by [16] for n = 11 data points. We find χ 2 0 = 92.4 for the null hypothesis of no void. The marginalized results for the parameters of our toy model are z void = 0.22±0.01 (2σ), R void = (192±15)h −1 Mpc (2σ), and δ g = −0.18 ± 0.01 (2σ) finding χ 2 min = 5.97. For k = 3 parameters, there is ν = n − k = 8 degrees of freedom, i.e. the toy model is a surprisingly good fit and clearly preferred over the null hypothesis. We take the galaxy bias into account finding an average depth of δ = δ g /b g ≃ −0.13 ± 0.03 (2σ).
While the toy model quantifies the properties of the void, careful inspection of the Figures reveals a complex structure. There appears to be a compensation in front of the supervoid at around z ≃ 0.05 − 0.08, and the significantly deeper counts at the smaller radii show that the void is deeper at the centre. An approximate tomographic imaging of the CS region is presented in Fig. 4 . in three slices of z < 0.09, 0.11 < z < 0.14, 0.17 < z < 0.22 and smoothed at 2 • scales. The Planck [4] SMICA CMB temperature map is over-plot with contours. While we characterized the profile in radial bins, the geometry of the supervoid is more complex. It is noteworthy that deepest part of the void is close to the centre of the CS in the middle slice. Given the enormous size, the rich structure is expected: the supervoid contains voids, their compensations, filaments, and appears to have its own compensation.
Discussion & Conclusions
We have found evidence for a supervoid at redshift z = 0.22 ± 0.01 with radius R = (192 ± 15) h −1 Mpc and depth of δ = −0.13 ± 0.03. These parameters are in excellent agreement with the findings of our WISE-2MASS projected density analysis, with the redshift slightly closer, but only by 1.5σ. Note that the orthogonal nature of the two measurements suggest spherical symmetry for the void.
We conclude that a non-linear LTB model based on the projected profile in the WISE-2MASS catalog matches well the profile observed on the CMB. We also estimated the linear ISW effect due to such an underdensity from a simple approximation [13] . We found that it could significantly affect the CMB, of order −20 µK, falling short of a full explanation of the CS anomaly. The above findings address questions i) and iii) in the introduction.
The tomographic maps produced by photometric redshifts from PS1, while not extending to large enough radii at the moment, have an intriguing match with the Cold Spot region as observed on the CMB. The observed morphological similarity to a compensated surrounding over dense shell, which plausibly would have fragmented into galaxy clusters visible in the projected slices as several "hot spots" surrounding the CS, is noteworthy. Based on our toy model, and assuming a simple Gaussian model in ΛCDM cosmology, we now attempt to answer question ii), i.e the rarity of the supervoid. We estimate that the supervoid we detected corresponds to a rare, at least ∼ > 3.5σ, density fluctuation; thus chance alignment with another rare structure, the CS, is negligible. As a further test, we smoothed the projected WISE-2MASS map with a 25 • Gaussian finding only one underdensity as significant as the one we discovered in the CS region. This second void, to be followed up in future research, is clearly visible in shallow 2MASS maps [31, 18] as a large underdensity, and in the corresponding reconstructed ISW map [32] as a cold imprint. Therefore we conclude that it is likely to be closer thus smaller in physical size, and not large enough to leave colder imprints on the CMB.
Any tension with ΛCDM, e.g. in the possible rarity of the observed supervoid, could be addressed in models of modified gravity, ordinarily screened in clusters, but resulting in an enhanced growth rate of voids as well as an additional contribution to the ISW signal.
